Abstract The potential eco-toxicity of fourteen different nanosized titanium dioxide (TiO 2 ) particles was studied using Gram-positive Bacillus subtilis and Gram-negative Escherichia coli (ATCC K12) as test organisms. These photosensitive nanoparticles (NPs) were found to be harmful to the organisms studied at different degrees; the antibacterial activity increased with primary particle size, reached the maximum level in the range of 16-20 nm, and then decreased as the primary particle size increased. The presence of light played a significant role on the eco-toxicity of the nano-TiO 2 particles under most conditions studied, presumably due to the generation of reactive oxygen species (ROS). However, bacterial growth was inhibited also under dark condition, indicating that mechanisms other than photocatalytic ROS were responsible for the toxic effect. Results highlight the need for caution during the use and disposal of manufactured NPs as to prevent unintended environmental impacts, as well as the importance of further research on the mechanisms and factors that control the toxicity of NPs toward aquatic organisms.
Introduction
Engineered nanoparticles (NPs) are becoming increasingly important in their applications including electronics, optics, and textiles, as well as applications in medical devices, biosensors, and in environmental remediation (Aitken et al. 2006; Handy and Shaw 2007; Handy et al. 2012) . Compared to the exponential rate of increase in research on the synthesis, characterization, and applications of NPs, there was limited study on the ecotoxicological properties, behavior, impact, and fate of NPs in the aquatic environment (EU 2010) . Moreover, to the best of our knowledge, there were no specific standardized protocols or certified reference materials for testing NPs. The increasing use of engineered NPs in numerous industrial applications and consumer products makes necessary to assess the risk of NPs toward human and environmental health. The behavior of NPs in the environment is not well understood. There are few available data on the toxicity of NPs on aquatic organisms. The data are often inconsistent because of biological variability and/or different test conditions. Therefore, the application of NPs can lead to many questions in environmental toxicology.
TiO 2 is a well-known antimicrobial material. It has been studied extensively over the last 25 years as photocatalyst for various purposes including the removal of organic and inorganic compounds from and the inactivation of harmful microorganism in water and air (Li et al. 2008; Caballero et al. 2009; Foster et al. 2011) . Upon irradiation of NanoTiO 2 , a photocatalyst, with a photon at B385 nm wavelength, the inhibition of bacterial growth is inevitable (Matsunaga et al. 1985) . A wealth of information exists on the toxicity of TiO 2 toward bacteria, mostly dealing with the photocatalytic inhibition of the bacterial growth under UV light radiation (Wei et al. 1994; Bekbolet 1997; Wamer et al. 1997; Blake et al. 1999; Huang et al. 2000; Chai et al. 2000; Robertson et al. 2005; Coleman et al. 2005; McCullagh et al. 2007; Benabbou et al. 2007; Gibson et al. 2010; Pigeot-Rémy et al. 2011; Handy et al. 2012; Kahru and Ivask 2013) . In the absence of UV irradiation, nanoTiO 2 has shown less or no effect on organisms (Dunford et al. 1997; Nakagawa et al. 1997; Rehn et al. 2003) . On the other hand, several studies have reported that nanoTiO 2 causes chronic pulmonary inflammation in rats (Oberdorster et al. 1992 (Oberdorster et al. , 2000 and proinflammatory effects in human endothelial cells (Peters et al. 2004 ) and bronchial epithelial cells (Gurr et al. 2005) in the absence of UV irradiation.
The results of our preliminary short-term batch and in vitro studies showed that there was also a short-term inactivation of bacteria in the absence of light (Erdem et al. 2007) . Little published literature has also confirmed this finding which indicates that there are additional mechanisms responsible for the toxicity (Pagnout et al. 2012; Zhukova et al. 2012) . Adams et al. (2006) showed inhibition of Escherichia coli and Bacillus subtilis by TiO 2 in dark. Gurr et al. (2005) reported from mammalian cytotoxicity studies that TiO 2 exerted oxidative stress on cells in dark under non-photocatalytic conditions. TiO 2 is reputed to be toxic to both Gram-negative and Gram-positive bacteria. In the bacteria-TiO 2 interaction system, the Gram-positive bacteria B. subtilis was less sensitive to nano-TiO 2 particles than the pure culture of Gram-negative E. coli, possibly due to the ability of B. subtilis to form spores (Daughney et al. 2001; Pal et al. 2007) . However, other studies have found Gram-positive bacteria to be more sensitive than Gram-negative bacteria to the antibacterial effects of TiO 2 (Yoon et al. 2007) . In previous studies, the antibacterial properties of TiO 2 have been exploited in water treatment. An optimum concentration of TiO 2 in the range from 100 to 1,000 mg L -1 has been reported to completely disinfect the water containing 10 5 -10 6 of E. coli cells per mL in 30 min under illuminated conditions (Wei et al. 1994; Maness et al. 1999) . On the other hand, the effect of particle size of TiO 2 on inhibiting bacterial growth has not been established. The particle size of TiO 2 used on earlier studies was in the range of 20-100 lm. There was no indication whether the particle size was a key factor affecting the toxicity.
This study was to compare the toxic effects of nanoTiO 2 particles on two bacterial species, namely, Gramnegative E. coli and Gram-positive B. subtilis. The objectives were (a) to investigate the responses of bacterial population to NPs, (b) to determine the specific concentration at which TiO 2 exhibits toxic effect to the test organisms, and (c) to assess the effect of particle size on the antibacterial activity of nano-TiO 2 particles.
This work was carried out in the Aquatic Chemistry Laboratory, the Department of Civil and Environmental Engineering, University of Delaware, Newark, DE, USA, between 2008 and 2012.
Materials and methods

Culture of microorganisms
The pure cultures of Gram-negative E. coli K12 (ATCC 25254) and Gram-positive B. subtilis (ATCC 39706) were grown aerobically in 100 mL of Luria-Bertani (LB) broth on a rotary shaker (200 rpm) for 18 h at 37 and 30°C, respectively. The cells were harvested by centrifugation at 7,800g for 20 min, and were suspended in 1 mL of 10 % glycerol and LB broth mixture. The stock cultures were then stored at -20°C for further experimental uses. The final optical density of bacterial suspensions at 600 nm was determined spectrophotometrically, and the growth rates were calculated. Nanoparticle suspensions Table 1 gives the type, size, specific surface area, and source of nanoparticles studied. The nano-TiO 2 studied had 14 different particle diameters. Reade 5 (R5) and Reade 10 (R10) (99 % anatase) were purchased from Reade Nanostructured and Amorphous Materials Inc (Los Alamos, NM). P25 was purchased from the Degussa Corporation (80 % anatase) (Piscataway, NJ). Additional TiO 2 particles were synthesized in our laboratory by heating P25 to various temperatures in a conventional muffle for 4 h (Tseng et al. 2006; Dong et al. 2007 ). The nano-Fe particles were provided by Professor Mao Hong Fan (University of Wyoming). The c-Al 2 O 3 particles were purchased from the Allied High Tech Products (Rancho Dominguez, CA).
The powder X-ray diffraction (Rigaku D Max B) with a CuKa radiation source was used to verify the crystal phase. The transmission electron microscopy (TEM, Jeol 2000) and dynamic light scattering (DLS, Malvern 3000HS, Malvern, PA) techniques were used to determine the particle size. The specific surface area was obtained using N 2 -gas adsorption following the Brunauer-Emmett-Teller equation, i.e., the BET method (Nova 2000, Quantachrome Corp., Boynton, FL).
Stock suspensions (1,000 mg L -1 ) were prepared with LB broth (171 mM) and Min salt media (71 mM), and the diluted TiO 2 suspensions were added to aliquots of the culture media immediately prior to experiments. The final TiO 2 concentration was in the range of 0.01 and 1,000 mg L -1 . All experiments were conducted in continuously shaken aqueous slurry solutions to ensure mixing and prevent settling of NPs.
Cell viability
Direct colony counting technique was used to determine the cell viability. The number of viable cells in suspensions that were subjected to the dark treatments was determined by plating serially diluted suspensions (100 lL) onto LB agar plates. The plates were incubated at 37°C (E. coli) and 30°C (B. subtilis) for 24 h. Then the number of colonies on the plates was counted using Fisher Acculite 133-8002 model colony counter. The cell viability runs were conducted in triplicates.
Experimental setup
Two levels of bacterial population density, high ([10 9 CFU mL -1 ) and low (\10 5 CFU mL -1 ), were used in nine separate runs (Table 2) . Two different media were studied, a high ionic strength of LB Broth (171 mM) and a low ionic concentration of Min salt (71 mM). A constant speed of 200 rpm was used to maintain an aerobic condition in the system. The experiments were conducted at room temperature (23 ± 0.8°C). Freshly prepared NP suspensions from stocks were added to the bacteria-media mixture immediately prior to experiments.
Results and discussion
General microbial responses: (phases and initial population density)
Gram-negative E. coli and Gram-positive B. subtilis are the most investigated species in toxicity studies (Pal et al. 2007 ). For purpose of comparison with published results in the literature, E. coli K12 and B. subtilis were selected. The effect of initial cell population on cell inhibition was not well reported to this date. The inhibition of total coliforms has often been shown to be of the first-order kinetics (Watts et al. 1995; Li et al. 1996) . When the cell population was B10 3 CFU mL -1 , the inhibition rate was independent of the initial cell concentration (Li et al. 1996) . The inhibition of B. pumilus was increased with initial cell concentration between 10 4 and 10 9 CFU mL -1 (Huang et al. 2000) . No results are available on the effect of initial cell population on the rate of cell death, however.
In order to understand the general microbial growth responses to nano-TiO 2 (P25) under dark condition, a series of diluted E. coli concentrations were studied (Fig. 1 ). E. coli cultures, with an optical density of 1.0 at 600 nm, were serially diluted with Min salt media. The initial population numbers (N o ) and that after 60-min exposure Fig. 1 show that bacteria kill when the initial population was B10 5 , B10 8 , and B10 9 CFU/mL in the presence of TiO 2 at concentration of 10, 100, and 1,000 mg L -1 , respectively. Likewise, there was net population growth when the TiO 2 concentration was C10 5 , C10 8 , and C10 9 CFU/mL in the presence of TiO 2 at concentration of 10, 100, and 1,000 mg L -1 , respectively. It appeared that higher bacterial population was able to sustain the inhibitory effect of the nano-TiO 2 particles. For example, at high TiO 2 concentration, i.e., [1,000 mg L -1 , the initial population above which positive bacterial growth occurred was 10 9 CFU/mL versus 10 5 CFU/mL in the presence of 10 mg L -1 of TiO 2 . This observation is crucial to the design of antibacterial process using photocatalytic TiO 2 . Figure 2 shows the responses E. coli cells to nano-TiO 2 under dark condition as affected by initial population density. A low concentration (4.3 9 10 5 CFU/mL) and a high concentration (3.1 9 10 9 CFU/mL) of E. coli K12 cultures were employed both under dark condition at room temperature (23 ± 0.8°C) for the purpose of comparison. TiO 2 (100 mg L -1 in concentration and 16.2 nm in size) was added to the growth media. The standard deviations were calculated from experiments run in triplicate as the error bars shown in the figure. Figure 2 shows that there was a bi-phasic die-off in E. coli when the initial population was low. A rapid decrease in population occurred within the first 10 min followed by a slow inhibition after 15 min, which can be attributed to the lag-growth phase. Data, not presented, indicated that as the exposure time was longer than 1 h, there was an increase in the cell density over the control (Erdem 2008) . The bi-phasic die-off of E. coli was absent in the control when the initial population was [10 9 CFU/mL.
Effect of nanoparticle concentration
Five different TiO 2 concentrations ranging from 0.1 to 1,000 mg L -1 and 14 different particle sizes ranging from 4.8 to 204.1 nm were studied to examine changes in cellular viability resulting from the biocidal action of TiO 2 . In order to understand the killing mechanism of TiO 2 , a Gram-positive species, B. subtilis, and a Gram-negative species, E. coli K12, were employed in the study. It was hypothesized that Gram-negative cells having an outer cellular membrane may have additional protection against physical and chemical damages. Figure 3 shows the effect of the concentration of P25 TiO 2 on the die-off of E. coli K12 and B. subtilis. As the particle concentration increased, the degree of bacterial die-off increased to a plateau then decreased with further increase in TiO 2 concentration. Low TiO 2 concentration, between 0.1 and 10 mg L -1 , was not as effective as that of high concentrations (e.g., 100-1,000 mg L -1 ) in terms of , (white circle) 100 mg L -1 and (black down pointing triangle) 1,000 mg L -1 TiO 2 ); exposure time = 1 h; bench shaker mixing rate = 200 rpm; room temperature; number of experiments = triplicate bacterial die-off. According to Fig. 3a , when the particle concentration was 100 mg L -1 , P25 TiO 2 exhibited the most significant effect on the die-off of both E. coli and B. subtilis, whereas at the highest concentration of 1,000 mg L -1 , it was more damaging to the B. subtilis under the same exposure time (Fig. 3b) . The Toxicity Relationship Analysis Program version 1 (TRAP) was applied to calculate the effective concentration for 50 % kill of the E. coli (i.e., LC50) at 10 and 60 min, respectively. The results showed that the LC50 was 308 and 126 mg L -1 at exposure time of 10 and 60 min, respectively. The data shown in the Fig. 3b were taken at 10 and 60 min. P25 TiO 2 (0.1-1,000 mg L -1 ) was used in Min salt media. Based on the TRAP program, the LC50 were 509 and 428 mg L -1 at 10 and 60 min, respectively. The results showed that E. coli K12 cells were more sensitive to TiO 2 than B. subtilis. The difference in the cell morphology would render B. subtilis more resistant to NPs than E. coli. Adams et al. (2006) studied the effect of TiO 2 on E. coli and B. subtilis in the presence and absence of light. The TiO 2 concentration between 10 and 5,000 mg L -1 was used. Results showed that the EC50 were 3,150 and 835 mg L -1 for for E. coli and B. subtilis, respectively, for TiO 2 (330 nm).
Effect of particle size
TiO 2 in three different particle sizes, 5.2, 6.5, and 34.2 nm were used to assess the effect of particle size on the survival of E. coli (9.3 9 10 9 CFU/mL) under dark condition in 71 mM Min salt media. Figure 4a shows the effect of particle size on the population density of E. coli. The control set showed almost no decrease in population growth, which could be attributed to the high cell concentration. In 10 min, 2.5-log bacterial die-off occurred rapidly. The effect of particle size at 45 min of exposure showed no statistical difference (p [ 0.01), however. Figure 4b shows that the die-off of E. coli followed the two-stage kinetics, a fast first stage in the first 10 min followed by a slower second stage after 10 min. The rate constant of stage 1, k 1 , was greater than that of stage 2, k 2 .
A much detailed demonstration of the effect of particle size on the responses of bacteria can be seen in Fig. 5 . E. coli K12 and B. subtilis were treated with 100 mg L -1 of TiO 2 for 60 min. E. coli (3.6 9 10 6 CFU/mL), and B. subtilis (1.3 9 10 6 CFU/mL) at low population were grown in Min salt (71 mM) media. The results indicated Fig. 3 Effect of P25 TiO 2 particle concentration on the die-off of E. coli (a) and B. subtilis (b) under dark condition. Experimental condition: exposure time = (black circle) 10 min, (white circle) = 60 min; bench shaker mixing rate = 200 rpm; room temperature; number of experiment = triplicate Fig. 2 Effect of the initial population density on the die-off of E. coli in the absence and presence of TiO 2 nanoparticles (100 mg L -1 at 16 nm in diameter) under dark condition. Experimental conditions: TiO 2 concentration: (black circle) high bacterial population density (E. coli only), (white circle) high bacterial population density (E. coli with TiO 2 ), (black down pointing triangle) low bacterial population density (E. coli only), () low bacterial population density (E. coli with TiO 2 ) that under dark condition, particle size at 18 nm was the most biocidal for both bacteria. When the primary particle size was larger than 35 and 40 nm, there was no significant inhibitory effect on the growth of B. subtilis and E. coli bacteria, however. It is noted that at particle size greater than 35-40 nm, the bacterial population increased. At particle diameter[35-40 nm, the population of E. coli and B. subtilis was increased by 10 and 40 %, respectively. Results have important implication in the application of nanoparticles as antibacterial agent that there exists an optimal particle size at which nanoparticles exhibits the maximum bacterial kills.
Since there was no irradiation in the system, no ROS attack might occur. Therefore, a possible explanation to the bacterial inhibition could be nutrient uptake or waste disposal interruption by the presence of nanoparticles. It is well known that most nanoparticles are electrically charged in the aquatic environment due to various surface-charging mechanisms (Stumm and Morgan 1996) ; surface charge enables their adsorption onto the cellular membrane. This may result in blocking the transport of nutrients and metabolic wastes in and out of cells.
Effect of different type of NPs
In order to compare the population response of E. coli to different NPs, TiO 2 , nano-Fe, and c-Al 2 O 3 at concentration of 100 mg L -1 were studied under dark condition. TiO 2 in three different particle sizes of 4.8 nm (specific surface area = 319 m 2 g -1 ), 16.2 nm (95 m 2 g -1 ), and 34.2 nm (45 m 2 g -1 ) were chosen to compare the impacts to bacteria. The particle size of nano-Fe NPs and c-Al 2 O 3 was 40 (specific surface area = 30 m 2 g -1 ) and 15.8 nm (specific surface area = 103 m 2 g -1 ), respectively. The specific dieoff rate constant (k 0 ) at 60 min was used to quantify the antimicrobial activities of nanoparticles (Table 1) . The specific die-off constant, k 0 (L mg -1 ), is defined by Eq. 1 as follows:
where N t is the bacterial population (CFU/mL) at a given time, N o is the initial population (CFU/mL), and C is the concentration of NPs (mg L -1 ). A larger k 0 value means that the bacteria are more sensitive to the NPs, indicating more antimicrobial activity of the NPs (Yoon et al. 2007) . Table 3 shows that TiO 2 expressed the lowest biocidal effect to the E. coli among all nanoparticles studied and ). a population density as a function of exposure time: (black circle) control, (white circle) 5.2 nm, (black down pointing triangle) 6.5 nm, () 34.2 nm); b die-off rate constant as a function of primary particle size: (black circle) k 1 , (white circle) k 2 ).
(black circle) E. coli, (white circle) B. subtilis that there was a critical primary particle size that exhibits the maximum bacterial kill. When all three types of NPs were compared, the toxicity followed the increasing order: TiO 2 (16.2 nm) \ TiO 2 (34.2 nm) * TiO 2 (4.8 nm) \ cAl 2 O 3 (15.8 nm) \ Nano-Fe (40 nm).
Preliminarily proposed killing mechanisms
One possible killing mechanism under dark condition would be the interaction between the NPs and bacteria. The bacteria have a small size; however, it has a very large surface area: volume ratio, which makes possible the fast transfer of nutrients and waste materials between the interior of the cell and its environment. Nikaido et al. (1980) explained that diffusion channels in the outer membrane of intact cells, namely E. coli, had a diameter between 0.6 and 1.2 nm. In an early study, Steven et al. (1977) showed that an E. coli porin revealed indentations with a diameter of 1.5-2 nm. When the NPs and bacteria are in contact, the NPs may plug the pores of the diffusion channels and prevent nutrition uptake. Figure 6 shows the confocal images of the control E. coli (Fig. 6a) and bacteria treated with 100 mg L -1 of P25 TiO 2 under dark condition (Fig. 6b) . Figure 6a clearly shows the healthy bacteria cells reflecting the green fluorescent color and some dead bacteria in red color. The agglomerated TiO 2 -bacteria clusters can be seen in Fig. 6b . The dead bacteria had surface characteristics that enhanced cell attachments to either bacterial cells or nanoparticles and formed clusters. Figure 7 shows the TEM images of E. coli (Fig. 7a) and B. subtilis (Fig. 7b ) treated with 100 mg L -1 of P25 under dark condition. It can clearly be seen that the outer cell membrane of E. coli was damaged (Fig. 7b) ; however, the attachment of NPs and bacteria was not observed. The physical change in B. subtilis (Fig. 7b) was not as visible as that of E. coli. It has been showed that Gram-positive B. subtilis are more resistant to the stressor than Gram-negative E. coli.
Conclusion
The presence of NPs has adverse effect on the growth of bacteria, especially at low cell population density, e.g., B10
5 CFU/mL when adverse effect was easily detectable. A high population density, e.g., C10
9 CFU/mL would lead to a faster bacterial growth and decreased the antimicrobial effect of NPs.
When the ionic strength of the growth media increased, the bacterial growth rate became greater than the die-off rate. With the presently available information, TiO 2 exhibited larger biocidal activity toward E. coli than nanoAl 2 O 3 and nano-Fe particles. The difference in biocidal activity might be attributed in part to the degree of attachment between the NPs and the bacteria. The pH zpc of Al 2 O 3 was 9.0 and that of TiO 2 was 5.5. The higher negative surface charge of Al 2 O 3 could increase the adsorption of NPs onto the negatively charged bacteria surface.
The die-off of bacteria takes place in two stages: fast first and slow second. The higher particle concentration and smaller primary particle size appeared to be more damaging to the bacteria under dark condition. There was a crucial primary particle size that induced the highest degree of bacterial killings; results showed that 18 nm was the most antimicrobial particle size. This study is the first to examine the effect of primary particle size on the survival of bacteria exemplified by TiO 2 nanoparticles. Finally, TEM and confocal images showed that when bacteria were treated with TiO 2 NPs, the morphology of the cell structure changed. 
